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ESTIMATING HORIZONTAL DRAIN DESIGN BY THE FINITE-ELEMENT 
AND FINITE-DIFFERENCE METHODS 
I Mathematician. 
By D. R. Tesarik1 and C. D. Kealy2 
ABSTRACT 
To ensure the stability ofa tailings pond embankment, the height of the phreatic surface must be 
kept at or below a safe level. In this investigation, the Bureau of Mines analyzed various horizontal 
drain designs for tailings embankments to determine their effects on location of the phreatic 
surface. This report describes the investigation, and it includes 21 dimensionless graphs that can be 
used to estimate the drain spacing and length dimensions necessary to ensure the stability of 
embankments of various configurations. 
Analyses were based on the use of two computer codes, a three-dimensional finite-element code 
and a two-dimensional finite-difference code. The computer-generated results were compared with 
results obtained from a laboratory embankment model, other laboratory test results, and piezomet-
ric data from two actual tailings embankments. 
Nearly the same phreatic surface locations were predicted using either of the computer codes. 
For one of the actual embankments studied, the predicted phreatic surface location was slightly 
higher than the measured location; for the other, the predicted location closely followed the actual 
surface trend. Phreatic surfaces of the laboratory model were slightly higher than the code-gener-
ated locations, and the differences grew larger as drain length increased or drain spacing decreased. 
'Supervisory mining engineer. 
Spokane Research Center, Bureau of Mines, Spokane, WA. 
2 
INTRODUCTION 
The presence of ground water is one of the most critical 
factors contributing to the instability of tailings embank-
ments. The height of the phreatic sUiface has been shown to 
playa critical role in determining the factor of safety, the 
traditional measure of stability for earth embankments (10).3 
Nonexistent or inefficient drainage facilities usually resultin 
a high phreatic surface that can ultimately cause the 
embankment to fail. If the height of the phreatic surface can 
be reduced, the factor of safety will increase dramatically. 
One possible solution, especially for remedial situations, is 
the installation of horizontal drains. In planning a horizontal 
drain system, the design engineer is faced with the problem 
of determining what drain dimensions (spacing and length) 
are necessary to reduce the phreatic surface enough to ensure 
and acceptable factor of safety. Various analytical techniques 
are available for solving this problem. 
The use of two-dimensional techniques to determine seep-
age characteristics in embankments without drains has 
become a common engineering practice (3-6, 11-14). The 
effects of toe drains or blanket drains can also be modeled 
with two-dimensional codes, provided all cross sections of 
the embankment are the same. The design of horizontal 
drains, however is a three-dimensional problem, and analy-
sis can be time consuming. Three-dimensional finite-ele-
ment meshes require considerable time to construct, and 
three-dimensional finite-element codes often require much 
computer time and space due to the large number of 
unknown values that must be computed. 
This Bureau of Mines report presents guidelines in a 
graphic format for field installation of horizontal drains. For 
various combinations of drain lengths and spacings, each of 
the dimensionless graphs show the cross section of an 
embankment between horizontal drains. They enable the 
user to estimate the location of the phreatic surface. Using 
these graphs, a mine operator can evaluate the feasibility of a 
proposed drain design. Thorough site investigations may 
reveal lenses, perched water tables, or other embankment 
anomalies that could alter the initial estimation for drain 
placement (1), and a detailed three-dimensional finite-ele-
ment analYSIS may be desirable. 
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The graphs showing predicted phreatic surface levels 
between horizontal drains (presented in the "Dimensionless 
Phreatic Profiles" sectivn) are results of a two-dimensional 
finite-difference analysis. These data were compared to a 
laboratory model, a three-dimensional finite-element analy-
sis (12), other laboratory tests (7), and two actual field situa-
tions.- Since the predicted phreatic surfaces between the 
drains correlated well with results obtained using these other 
data and methods, the graphs were conslructed using the 
finite-difference method. 
The above analysis indicated that the phreatic surface 
arches between drains, with the highest elevation at mid-
point. Since the factor of safety of an embankment calcu-
lated using two-dimensional methods will be at its lower 
bound at this point. the dimensionless graphs represent a 
conservative condition in this respect. 
LABORATORY MODEL 
A 96- by 72-in model tank was constructed of 12-ga cold-
rolled steel with welded seams and mounted on a structural 
steel framework on dollies (fig. 1). The inside walls and floor 
were coated with latex-base paint. While still wet, the sur-
faces were sprinkled with 16-mesh sand to prevent flow 
channels from developing along the sides and bottom of the 
tank . 
'Reference to specific products does not imply endorsement by th e Bureau 
of Mines. 
Clusters of piezometers of increasing height were ;nstalled 
as shown in figures 2 and 3. -rhey were constructed of 5/32-
in-ID copper tubing with l50-mesh screen soldered to the 
top of each tube. The screen was covered with filter cloth. 
Plexiglas4 plastic viewing tubes connected to the piezometers 
were mounted to the side of the model. A blue dye was 
injected into each tube for ease of reading. 
FIGURE 1. - Bureau of Mines laboratory embankment model. 
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FIGURE 2. - Cross section of laboratory embankment model. 
Some of the filters on the piezometers became clogged 
during initial tests, so open-well piezometers were subse-
quently installed. They were constructed of 1/4-in-ID perfo-
rated brass tubing with 140-mesh screen soldered over the 
perforations and bottom end of each tube. The tubes were 
installed at the same locations as the piezometer clusters (fig. 
3), excluding the first row near the toe of the embankment. 
Piezometer readings were taken with a voltmeter connected 
to an insulated wire with exposed ends. 
The horizontal drains were constructed of 1/4-in-ID brass 
tubing with eighteen 1/8-in-diam holes drilled per foot. This 
resulted in a 2.3-pct open drain area per unit length. A typi-
cal 2-in polyvinyl chloride (PVC) slotted pipe having sets of 
three 1/64-in slots around the circumference, spaced I-in 
apart along the pipe, has approximately 1.4 pct open drain 
area per unit length. To prevent clogging, ISO-mesh screen 
was soldered over the holes. The drains were attached to 
rods an<,i threaded through holes in Teflon fluorocarbon pol-
ymer brackets so they could be pulled through the embank-
ment to achieve various spacing and length combinations. 
Hydraulic seals were used to prevent leakage where the rods 
were pulled through the back of the tank. The drains and 
piezometer tubes were spaced 9 in apart across the width of 
the tank so piezometer readings could be taken at each drain 
location. 
The embankment was constructed of Lane Mountain sand 
(Valiey, WA) having a permeability (k) of 3 x 10-4 cm/s. The 
dry density of the material was 83.3 pcf. The grain-size dis-
tribution is shown in figure 4, and the standard Proctor test 
results are shown in figure 5. Consolidated-drained direct 
shear tests yielded an angle of internal friction of 37° and a 
cohesion of 9 psi. The downstream slope was 2: I and the 
upstream slope was I: I (fig. 2). The embankment was com-
pacted by hand with a 3/4-in-diam pipe attached to a I-in-
thick 6-in-diam steel plate. 
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FIGURE 3. - Plan view of laboratory model. 
The first trial embankment experienced progressive failure 
due to erosion when subjected to a headwater height of 19.3 
in, so a 10-in tow drain composed of coarse sand (k = 3.75 X 
10-2 cm/s) was installed to increase-stabi.lity. All subsequent 
tests were run with the· toe drain. A constant upstream head 
was maintained during the tests by a float valve. 
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FIGURE 5_ - Moisture-density curve for sand used in labo-
ratory model. 
FINITE-DIFFERENCE CODE 
The governing equations by the finite-difference computer 






q. = - k ax ' 
ah 
qy = - k-
ay' 
Darcy velocity in x direction , 
Darcy velocity in y direction , 
permeability of the soil, k = k(x,y), 
total head . 
The continuity equation in two dimensions is 
Substituting equations 1 and 2 into equation 3 yields 
( i ) 
(2) 
~ ( _ k ah) + ~ ( _ k ah) = O. (4) 
ax ax ay ay 
If the soil (or tailings material) is assumed to be homoge-
neous and isotropic,s then k is independent of x and y, and 
equation 4 becomes Laplace's equation, 
a2h a2h 
ax2 + 8y2 = O. (5) 
The flow region was modeled using the plan view (fig. 3). 
The boundary conditions are specified in figure 6. 
' Horizontal permeability is o ft en great er th a n vertical permeability in 
hydraulically placed tailings material (6). If this co ndition exists. it is likel y 
that the phreatic surface will be hi gher-than it wo uld be in an embankment 
with isoiropic properties, 
The model did not include the z component of velocity. 
This condition is the Dupuit assumption, the validity of 
which has been evaluated analyticall y by Murray and 
Monkmeyer (9). In general, best results using the Dupuit 
assumption are achieved for situations where the slope of the 
phreatic surface is relatively flat (10:1). It will be shown later 
that phreatic surfaces between drains calculated with the 
finite-difference code and with a three-dimensional analysis 
compare fa vorably. 
ah 
ax = 0 
o head 
Constant upstream head 
t_t.++tt~J 
Governing equation 






o he a d 




T he three-dimensional finite-elemen t program was devel-
oped by the U.S. Army e ngineer Waterways Experiment 
Station (1 2). The basic assumptions of the model are as 
follows: -
I . T he density of the soil-water complex remains constant, 
since its compressibility is zero . 
2. T he flo w is lam ina r; hence, Darcy's law holds. 
T he governing equation is similar to equation 4, only it 
has a z component: 
~ (_ k Bh ) + ~ (- .k J h ) + ~ ( _ k Bh ) = O. (6) 
ax ax ay ay az az 
Since homogeneous soil conditions were assumed from 
this study, k is constan t, and equation 6 reduces to Laplace's 
equa tion in three dimensions: 
(7) 
A solution to equation 7 by the finite-element method has 
been discussed by T racy (g). 
A cross sect ion of the finite-element mesh used to analyze 
the laboratory model is shown in figure 7. A total of 448 
e lements and 648 nodes were used in the simulation . The 
headwater entered the embankment at nodes 6, 7, and 8 and 
corresyondi,lg nodes in other cross sections in the y direc-
tion . 
Two methods were used to simulate the drains, and each 
gave the same resu its. In the first method , ~Iements such as 
15, 22, 29, 36, 43, and 50 were assigned a y and z dimension 
of 0.5 and a permeability to represent the drain . The second 
method used zero pressure as a bounCiary condition at nodes 
such as 17,25, 33,41 , 49,57, a ,ld 65. The boundary condi-
tions for both methods were applied at y = 0 and y = wi.dth 
of the embankment so that the phreatic surface was symmet-
ric about a line parallel to and between the drains. Various 
drain spacings were achieved by changing the width (y 
dimension) of all the elements. Drain length was changed by 
altering the element permeability. when the first method was 
used, or eliminating the bou,ldary cOllditioll of zero pressure 
at a node when the second method was used. 
LABORATORY-MODEL TESTS 
T he d rains were inserted into the embankmeni in the fol- 8. Drains I, 5, and 9, 6 ft; drains 3 and 7, 2 ft. 
lowing sequence to the depths shown: 9. Drains I, 5, and 9, 6 ft ; drains 3 and 7, 4 ft. 
c: 
N 
I. No drains inserted. 
2. Drains I and 9, 2 ft. 
3. Drains I and 9, 4 ft. 
4. Drains I and 9, 6 ft. 
5. D rains I and 9, 6 ft; drain 5, 2 ft. 
6. Drains I and 9, 6 ft ; dra in 5, 4 ft. 
7. Drains 1, 5, and 9, 6 ft. 
10. Drains I, 3, 5, 7, and 9, 6 ft. 
II. D rains 1, 3, 5, 7, and 9, 6 ft ; drains 2, 4, 6, and 8, 4 ft. 
12. All dra ins inserted, 6 ft. 
Open-well piezometer readings were taken for each drain 
configura tion at I-day intervals. The next drai n configura·· 
tion was not set up until each piezometer had the same 
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FIGURE 7. - Cross section of three-dimensional mesh. (!: prefix denotes element; ~ denotes node.) 
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plotted on three-dimensional graphs for visual interpretation 
of the effects of the drains (figs. 8-31). 
When all drains were inserted 6 ft and the phreatic surface 
had reached steady state, the sequence was executed in 




FIGURE 8. - Piezometric data for la boratory embankment 
model; no drains, headwater height = 19.4 in. 
FIGURE 10. - Piezometric data for laboratory embankment 















FIGU RE 12. - Piezometric data for laboratory embankment 
model; drains I and 9 inserted 6 ft, drain 5 inserted 2 ft, headwater 
height = 19.2 in. 
7 
numerical com pariso n of results for the two sequences is not 
valid , because the headwater heigh t was increased for the 
second sequence. H owever, the piezometer responses and 
geometric characteristics were compatible. 
FIGURE 9. - Piezometric data for laboratory embankment 
model; drains I and 9 inserted 2 ft , headwater height = 19.3 in. 




FIG URE 11. - Piezometric data for laboratory embankment 
model; drains 1 and 9 inserted 6 ft, headwater height = 19.3 in. 
FIGURE 13. - Piezometric data for laboratory embankment 
model; drains 1 and 9 inserted 6 ft, drain 5 inserted 4 ft, headwater 












FIGURE 14. - Piezometric data for laboratory embankment 
model; drains 1, 5, and 9 inserted 6 ft, headwater height = 19.3 in. 
FIGURE 16. - Piezometric data for laboratory embankment 
model; drains 1, 5, and 9 inserted 6 ft, drains 3 and 7 inserted 4 ft, 
headwater height = 19.3 in. 
FIGUR E 18. - Piezometric data for laboratory embankment 
model; drains 1, 3, 5, 7, and 9 inserted 6 ft, drains 2, 4, 6, and 8 
inserted 4 ft, headwater height = 19.5 in. 
FIGURE 15. - Piezometric data for laboratory embankment 
model; drains 1, 5, and 9 inserted 6 ft , drains 3 and 7 inserted 2 ft, 












FIGURE 17. - Piezometric data for laboratory embankment 
model; drains 1, 3, 5, 7, and 9 inserted 6 ft , headwater height = 
19.3 in. 
FIGURE 19. - Piezometric data for laboratory embankment 
model; all drains inserted 6 ft, headwater height = 19.5 in. 
FIGURE 20. - Piezometric data for laboratory embankment 
model; drains 1, 3, 5, 7, and 9 inserted 6 ft, drains 2, 4, 6, and 8 
inserted 4 ft, headwater height = 21.7 in. 
FIGURE 22. - Piezometric data for laboratory embankment 
model; drains 1, 3, 5, 7, and 9 inserted 6 ft, headwater height = 
21.7 in. 
c:~r::~~ . .J 
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FIGURE 24. - Piezometric data for laboratory embankment 
model; drains 1, 5, and 9 inserted 6 ft, drains 3 and 7 inserted 2 ft. 
headwater height = 21.8 in. 
FIGURE 21. - Piezometric data for laboratory embankment 
model; drains 1, 3, 5, 7, and 9 inserted 6 ft, drains 2, 4, 6, and 8 
inserted 2 ft, headwater height = 21.6 in. 
FIGURE 23. - Piezometric data for laboratory embankment 
model; drains 1,5, and 9 inserted 6 ft, drains 3 and 7 inserted 4 ft, 
headwater height = 21 ,7 in. 
FIGURE 25. - Piezometric data for laboratory embankment 
model; drains 1,5, and 9 inserted 6 ft, headwater height = 21.7 in. 
9 
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FIGURE 26. - Piezometric data for laboratory embankment 
model; drains 1 and 9 inserted 6 ft, drain 5 inserted 4 ft , headwater 
height; 21.8 in. 
FIGURE 28. - Piezometric data for laboratory embankment 
model; drains I and 9 inserted 6 ft, headwater height = 21.8 in. 
FIGURE 30. - Piezometric data for laboratory embankment 
model; drains 1 and 9 inserted 2 ft, headwater height ; 21.8 in. 
FIGURE 27. - Piezometric data for laboratory embankment 
model; drains 1 and 9 inserted 6 ft, drain 5 inserted 2 ft, headwater 
height; 21.8 in. 
FIGURE 29. - Piezometric dat;; for laboratory embankment 
model; drains I and 9 inserted 4 ft, headwater height; 21.8 in. 








FIGURE 31. - Piezometric data for :aboratory embankment 
model; no drains, headwater height; 21.2 in. 
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LABORATORY VERSUS COMPUTER MODELS 
Only the readings from the open-well piezometers were 
used to compare the laboratory-model results to the results 
from the computer codes. Although some of the piezometers 
in the clusters became plugged with fines, enough data were 
available to describe the bending of the equipotemial lines 
near the toe of the embankment. 
figures show that as the drain length increased or the dra in 
spacing decreased, the phreatic surfC'.ces calculated from the 
finite-difference code started to fall below those determined 
using the laboratory model. 
Profiles of the embankment at midpoint, comparing phre-
a tic surface from the test model to those calcu la ted using the 
finite-difference code, are shown in figures 32-38. These 
figure 39 compares the phreatic surface between drains 
computed by the two computer codes for a 6-ft drain and 
spacings of 16, 36, and 72 in. The resu lts indicate tha t the 
finite-difference and finite-element codes calculate nearly the 
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FIGURE 34. Phreatic surface between drains, laboratory model versils finite-difference method; 24-in drains, 72-in spacing. 
20 











0~----_······1-------L------~------~------ .. L-----~-~--- ...... ~-------L-===~~ 
10 20 30 40 50 60 70 80 90 
LENGTH, in 
FIGURE 35. - Phreatic surface between drains, laboratory model versils finite-difference methodj 48-in drains, 72-in spacing. 
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FIGCRE 37. - Phreatic surface between drains, laboratory model versus finite-difference method; n-in drains, 36-in spacing. 
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FIGURE 38. - Phreatic surface between drains, laboratory model versus finite-difference method; n-in drains, n-in spacing. 
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FIGURE 39. - Phreatic surface between drains, finite-element method versus finite-difference method. 
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COMPARISON WITH OTHER LABORATORY DATA 
Results from the three-dimensional finite-element code 
are compared to piezometric elevations measured from a 
seepage-model experiment conducted by Kenney, Pazin, and 
Choi (7) in figures 40 and 41. The material used to construct 
the model was glass beads with less than 30 pet retained on 
the No. 100 sieve, and more than 70 pet was retained on the 
No. 200 sieve. Drains consisted of 0 ?-in drain rods double-
wrapped with No. 200 sieve stainless steel mesh , and spot 
soldered. 
Phreatic surfaces calculated by the finite-element code 
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FIGURE 40. - Three-dimensional finite-element results 
versus piezometric elevations from Kenney, Pazin, and Choi (7); 
27-in drains, 32-in spacing. -
case of no horizontal drains (fig. 41), the maximum differ-
ence of approximately 0.87 in occurred at a toe-to-piezome-
ter distance of 16 in . When horizontal drains 27 in long and 
with a spacing of 32 in were installed, the maximum differ-
ence was 0.8 in, which occurred at a toe-to-piezometer dis-
tance of 32 in. 
The .ct-sults calculated from the computer codes (previ-
ously shown to be nearly the same for both codes) were 
bounded by the measured results from Kenney, Pazin , and 
Choi's and the Bureau's laboratory models. The phreatic 
surfaces measured by Kenney, Pazin and Choi were slightly 
lower than those indicated by the code-generated results , and 
the phreatic surfaces measured using the Bureau's model 
were slightly higher. 
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FIGliRl!: 41. - Three-dimensional finite-element results 
versus piezometric elevations from Kenney, Pazin, and Choi (7); 
no drains. -
COM PUTER CODES VERSUS FIELD DATA 
Piezometric data from two tailings embankments were 
compared to results calculated using the two-dimensional 
finite-difference computer code. Although neither embank-
ment had perfectly parallel horizontal drains and piezometer 
readings between drains were not extensive, each of the 
embankments provided a basis for comparing the general 
effects of the drains to the computer model. 
In one of the embankments (owned by the Sohio Western 
Mining Co.), the horizontal drains were installed in array-
like patterns with five drains in each array (fig. 42) (§.' 1.2). 
The area that was modeled using the finite-difference code is 
indicated by crosshatching. The boundary conditions and 
governing equation were as shown in figure 6, with the addi-
tional condition that line AB was a no-flow boundary. This 
boundary condition was used since the face of the starter 
dam was clogged wi th fines (15). 
A cross-sectional view comparing the computer results to 
the piezometric data is shown in figure 43. The modeled 
phreatic surface oscillated about the measured phreatic sur-




Area modeled using 
finite-difference code 
No-flow boundary 
~i~ he other embankment studied (owned by Union Carbide 
Co.) contained filter pads in addition to horizontal drains. 
This situation was modeled by assigning the nodes repre-
senting the filter pads a value of zero. The filter pads were 
modeled at a 160-ft spacing. The resulting phreatic surface is 
shown in figure 44. Only readings from one piezometer were 
available; they rangtd from 0 to 2 ft over a period of 8 ·1 / 2 
yr. The finite-difference method predicted a value of 8 f1. 




Scale. t t In summary, the phreatic surface predicted by the fInite-
difference code was above the measured phreatic surface in 
one field application and followed the general trend of the 
phreatic :;urface in the other. The modeled phreatic surfaces 
were bounded by the results from the tv.'o laboratory experi-
ments. 
FIGURE 42. - Sectiiln of drain arrays showing area 
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FIGURE 43. - Section E-E' from figure 42, Sohio Western Mining Co. tailings embankment (~) . 
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FIGURE 44. - Cross section between filter pads, Union Carbide Corp. tailings embankment. 
DIMENSIONLESS PHREATIC PROFILES 
Profiles of phreatic surfaces between drains are presented 
in figures 45-65 for various drain length and spacing configu-
rations, All parameters are normalized by the distance L-
the distance from the headwater to the toe of the embank-
ment. The ratio H/ L is given for increments of 0.2, 0.25, 0.3, 
0.35, OA, OA5 , and 0,5, where H is the vertical distance 
between the drain and the headwater. The ratio IlL is given 
for increments of 0.25, 0.375, and 0.5, where I is the length of 
the drain. The curves, representing predicted phreatic sur-
face profiles for various drain spacings (S/ L) are bounded by 
16 
a blanket-drain curve and a "no-drain" curve. (The criterion 
for increments of S/L was graph readability.) The following 
example illustrates how the graphs could be used: 
I. Plot the cross section of the embankment. See figure 
66 for the cross section used in this example. 
2. Determine the distance between the drains and the 
headwater (H) and the horizontal distance from the toe of 
the embankment to the point at which the pond intersects 
the upstream slope (L). For this example, H = 90 ft and L = 
250 ft. 
3. Calculate H/L. H/L = 90 ft/250 ft = 0.36. 
4. Find the value of H/L from the graphs that is closest to 
the value calculated in step 3. For the example, the closest 
value is 0.35 (figs. 48, 55, and 62). 
5. Select the desired drain length ratio I/L. For illustra-
tion, 0.5 is chosen for I/L, representing a drain length of 0.5 
x 250 ft = 125 ft. The graph representing H/L = 0.35 (step 4) 
and I/ L = 0.5 is figure 62. 
6. Select the phreatic profile desired from the figure . The 
phreatic surface described by S/L = 0.2 is chosen for this 
example; this represents a horizontal drain spacing of 0.2 x 
250 ft = 50 f1-
7. From the S/L curve selected, read the values of h/L at 
several values of x/L. (x is the horizontal distance from the 
pond embankment contact to a point on the horizontal axis, 
and h is the water height at distance x.) 
8. Calculate (x/ L) x Land (h/ L) x L. Table I shows 
conversions from the dimensionless values to units of the 
embankment used in the example. 
9. Plot the products from step 8 on the cross section of 
the embankment. 
10. Repeat the above process for various drain length and 
spacing combinations if desired. 
As L becomes larger, it may be desirable to interpolate 
between graphs to obtain a better estimate of the phreatic 
surface. 
Factor of safety analyses using the Simplified Bishop 
Method of Slices (2) were performed on the example 
embankment used in the above example, without drains and 
with drains spaced 50 ft apart (S/ L = 0.2). Table 2 shows the 
conversion from the dimensionless curve values of figure 62 
to units of that example embankment for the case of no 
drains. 
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FIGURE 52. -- Dimensionless phreatic profiles; H/L = 0.2, IlL = 0.375. 
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FIGURE 53. -- Dimensionless phreatic profiies; H/L = 0.25, IlL = 0.375. 
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FIGURE 60. - Dimensionless phreatic profiles; H/L = 0.25, IlL = 0.5. 
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FIGURE 61. - Dimensionless phreatic profiles; H/L = 0.3, IlL = 0.5. 











H Distance between drains and headwater r---~r---~--~-t--~-r--~~~--~~~~=---r-~~~~~~~~~~~~ 
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FIGURE 63. -- Dimensionless phreatic profiles; H/L = 0.4, IlL = 0.5. 


















~ ------~ ~ 
~ 




I Drain length 
H Distance between drains and headwater 
h Water heightai distance x 
S Distance between drains BI nket 
L Distance from toe to water contact 
0.1 0.2 0.3 0.4 
------------
I-------
~ k-- -------~ drain ~ ~~ .27 ~ 
~ ~ ~ ~ ~ ~ .~ ~ t---
~ 0 ~ ~ :s::: ~ " ~ \\ ",.;-~ ~ ~ ~ ~ ~ 
\ ~ ~ ~ r---- ------------~ ----






V X ~IDr~in 
~ 
~ ~ ~ ~ 
t::::: 
~ 
~ ~ ~ ~ 
------- ---=:::: ~ ~ i~ 
---------
r---.- --------= --r-- --r---:::::: ~ -- ----r---
0.8 0.9 1.0 









I Drain length 
HOi s tan c e bet wee n d r a i ns and he a d w ate r 1---+---+--+-I---+--+--""k:::- +----'I"""""-o:::-1r---p~::_+..=..~ ~ 
h Water height at distance x 
S Distance between drains 
o L Distance from toe to water contact 
0.1 0.2 0.3 0.4 0.5 
x/L 
0 .6 0.7 
FIGURE 65. - Dimensionless phreatic profiles; H/L = 0.5, I/L = 0.5. 
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TABLE 1. - Conversion from dimensionless graph values 
to units used in example, drains 50 ft apart 
(H= 90 ft, L = 250 ft, S/L = 0.2, 
I/L = 0.5, and H/L = 0.35.) 
Dimensionless Values calculated 
tables for example 
~ . L, ~ . 
Point' x/L h/L L L 
ft ft 
I 0.0 0.35 0.0 87.5 
2 .1 .32 25.0 80.0 
3 .2 .28 50.0 70.0 
4 .3 .23 75.0 57.5 
5 .4 .18 100.0 45.0 
6 .5 .11 125.0 27.5 
7 .6 .05 150.0 12.5 
8 .7 .03 175.0 7.5 
9 .8 .01 200.0 2.5 
10 .9 .001 225 .0 .3 
'Points identified in figure 66. 
~-------------L--------------~ 
150 r-----,-----,-----,------,----~ 
1- 10 poIn! numbers from table 1 
Pl'1rea!ic eurlaca 
"'"" --- Embankment profile 
.:5100 _.... ~ g~nelenQth 
......... H Vertical dis tance from toe 
.................. fa water con tact 
L, 
-t- ---- ~:r:- - 1 ............................... l ~;;=~~e~ lanc9 trom 100 
" 2 
[ ~ '00L ____ ~ ____ ~~~~~1~,~,=,~"~~~~ 9 ~o- , 
50 100 150 200 250 
LENGTH (x), ft 
FIGURE 66. - Embankment cross section plotted using 
dimensionless graphs. 
The soil lying beneath the phreatic surface was assumed to 
be fully saturated and to have the following physical proper-
ties: 
Angle of internal friction . . . . ... . . .. . 
Cohesion . . . .. . .. . . ...... .. . .... . 





TABLE 2. - Conversion from dimensionless graph values 
to units used in example, no-drains case 
(H = 90 ft, L = 250 ft, and H/L = 0.35.) 
Dimensionless Values calculated 






- . - . 
x/L h/L L L 
ft ft 
I 0.0 0.35 0.0 87.5 
2 .1 .34 25 .0 85.0 
3 .2 .32 50.0 80.0 
4 .3 .29 75.0 72.5 
5 .4 .28 100.0 70.0 
6 .5 .25 125.0 62.5 
'Points identified in figure 67. 
150r-----,-----,------,-----,-----. 
~ \ 1·6 Point numbers lrom table 2 
\ - Phreatic surlace ? \ --- Embankment profile 
....... 100 . _ ........... \ _ .- snp circle (drains)' 
__________ -=-... 110.:- .:-2\ ...... ........ _ .. - Slip c ircle (no drains) 
__ -- - - ........................ ~ -.;:;;:::::] Slope 
r- ~~' e 
:r: ..... 
'" 5 a spacing No "" ...... 2 
..., "". drain " ~ 
W ",--- ~, 
:r: "'. ~ ..... 
~ """:.. 
LENGTH (x), ft 
FIGURE 67. - Slip circles for embankment plotted in figure 66. 
The soil above the phreatic surface was assumed to have no 
capillary zone and to ha ve the following physical properties: 
Angle of internal frictio n .. .. .. . ... . . . 35° 
Cohesion . . . . . . . . . . . . . . . . . . . . . . . . . 10 psi 
Density . ... .. . . . . ... . . .. .. . . . . ... 95 pcf 
Figure 67 shows the phreatic surfaces for the two cases, 
along with the respective slip circles. The embankment used 
as an example illustrates the importance of a low phreatic 
surface, since the factor of safety is increased from 0.51 for 
the case of no drains to 1.3 fo r the case of dra ins spaced 50 ft 
apart (fig. 67). 
CONCLUSIONS AND LIMITATIONS 
The two-dimensional finite-differen ce and three-dimen-
sional finite-element computer codes produced nearly the 
sa me results for phreatic surface loctions between horizontal 
drains. 
The phreat ic surfaces predicted using the above codes werc 
between the phrea tic surfaces of two laboratory modcls and 
slightly above the phreatic surfacl' of onc lil'id applil·atioll . 
The phreatic surface from thl' sl' l'o lld lield appliratioll 
26 
matched the code-generated phreatic surface closely. Differ-
ences between the code-generated phreatic surfaces and 
those measured in the models and in the field can be attrib-
uted to some combination of the following: 
I. Piezometric measurement error (clogged filters, mea-
surement accuracy, etc.). 
2. The assumption in the computer models that permea-
bility is not a function of location in the embankment. 
3. Variations in upstream pond elevations in the labora 
tory models and field applications. 
Coupled with slope stability analysis, the dimensionless 
graphs presented herein can provide an estimate of horizon·· 
tal drain length and spacing dimensions necessary to achieve 
slope stability. 
Nonhomogeneous embankments may require fu :-ther 
analysis to determine drain placement 
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